Currently, a distributed bilateral network of frontal-parietal areas is regarded as the neural substrate of working memory (WM), with the verbal WM network being more left-lateralized. This conclusion is based primarily on functional magnetic resonance imaging (fMRI) data that provides correlational evidence for brain regions involved in a task. However, fMRI cannot differentiate the areas that are fundamentally required for performing a task. These data can only come from brain-injured individuals who fail the task after the loss of specific brain areas. In addition to the lack of complimentary data, is the issue of the variety in the WM tasks used to assess verbal WM. When different tasks are assumed to measure the same behavior, this may mask the contributions of different brain regions. Here, we investigated the neural substrate of WM by using voxel-based lesion symptom mapping (VLSM) in 49 individuals with stroke-induced left hemisphere brain injuries. These participants completed two different verbal WM tasks: complex listening span and a word 2-back task. Behavioral results indicated that the two tasks were only slightly related, while the VLSM analysis revealed different critical regions associated with each task. Specifically, significant detriments in performance on the complex span task were found with lesions in the inferior frontal gyrus, while for the 2-back task, significant deficits were seen after injury to the superior and middle temporal gyri. Thus, the two tasks depend on the structural integrity of different, non-overlapping frontal and temporal brain regions, suggesting distinct neural and cognitive mechanisms triggered by the two tasks: rehearsal and cue-dependent selection in the complex span task, versus updating/auditory recognition in the 2-back task. These findings call into question the common practice of using these two tasks interchangeably in verbal WM research and undermine the legitimacy of aggregating data from studies with different WM tasks. Thus, the present study points out the importance of lesion studies in complementing functional neuroimaging findings and highlights the need to consider task demands in neuroimaging and neuropsychological investigations of WM.
1. Introduction
Neural foundations of verbal WM
Working memory (WM) is broadly defined as the ability and/or resources to concurrently process and store task relevant information or coordinate processing of multiple competing inputs. Within the last 50 years it has become the cornerstone of cognition, demonstrating a key role in many higher-level cognitive processes (Baddeley, 2003; Caplan and Waters, 1999; Daneman and Merikle, 1996; Gathercole and Baddeley, 1993; Just and Carpenter, 1992; Kane et al., 2004) . With the advancement of neuroimaging techniques, it has become increasingly important to understand the neural correlates of WM to further expand and validate existing theories of cognition (D'Esposito and Postle, 2015) . The literature concerning the neural substrate of verbal WM reports similar functional magnetic resonance imaging (fMRI) activations as with general WM, namely lateral premotor cortex, dorsal cingulate, medial premotor cortex, dorsolateral and ventrolateral prefrontal cortex (PFC), frontal pole, and bilateral and medial posterior parietal cortex (D'Esposito and Postle, 2015; Ma et al., 2014; Owen et al., 2005; Rottschy et al., 2012; Wager and Smith, 2003) . Some metaanalyses report more extensive recruitment of the left ventrolateral PFC, particularly the inferior frontal gyrus (Rottschy et al., 2012) , while others do not (Owen et al., 2005; Wager and Smith, 2003) . Unfortunately, when specific studies are examined, there is a discrepancy in the location of activations within and across hemispheres. There are two factors that likely affect the existing evidence on the neural basis of verbal WM: certain limitations of the functional neuroimaging methodology, and task variability.
Methodological limitations of existing neuroimaging studies
Most of what we know today about the neural substrate of verbal WM is based on functional neuroimaging studies. Functional neuroimaging provides correlational evidence of the role of brain regions in the studied processes. Consequently, fMRI detects additional, associated activation, thus showing recruitment of areas that might not be central to the psychological function under investigation. Not surprisingly, studies comparing mapping of cognitive functions using fMRI and intraoperative electrical stimulation have repeatedly shown that fMRI is not able to detect critical functional areas reliably, with excision of tissue activated in fMRI paradigms often not resulting in post-surgical deficits (Babajani-Feremi et al., 2016; Ottenhausen et al., 2015) . Thus, functional neuroimaging data need to be further complemented and validated by lesion studies, that detect critical neural areas supporting the cognitive function under examination and demonstrate a causal role for a specific region (Müller and Knight, 2006; Rorden and Karnath, 2004) . In other words, exploration of lesion data, especially employing modern methods of analyses, such as voxel-based lesion-symptom mapping (VLSM), establishes the necessity of certain brain areas for cognitive functions. Thus, human lesion and functional imaging studies can provide complementary information on brain-behavior relationships (D'Esposito et al., 2006; Karnath et al., 2018) .
Despite the need, there are few investigations of verbal WM using lesion methods (Müller and Knight, 2006) and most of them are based on relatively small sample size of patients with varied etiologies. Those that exist have identified a much more circumscribed network of areas in the left hemisphere compared to fMRI studies, encompassing posterior temporal, inferior parietal and lateral prefrontal cortex with the posterior regions being sufficient for supporting performance on undemanding recall tasks (Baldo and Dronkers, 2006; D'Esposito and Postle, 1999;  for review see also Müller and Knight, 2006) , suggesting that they may serve the role of the phonological buffer (Baldo et al., 2012) . Another insight from lesion studies is that the executive component of WM is not localized to a specific circumscribed area of the PFC, but rather is distributed along the ventro-and dorsolateral PFC (Müller et al., 2002; Szczepanski and Knight, 2014) with greater amount of damage to the PFC leading to more impairment on WM tasks.
The dissociation between functional neuroimaging and lesion methods is particularly evident when one compares the two techniques within the same investigation. This was done in one study, where involvement of brain regions in performance on immediate and delayed span tasks was compared using both fMRI in non-brain damaged controls and patients with unilateral frontal lesions (D'Esposito et al., 2006) . It was clearly demonstrated that, the ability to temporarily store and rehearse information in delayed response tasks (even with a distraction) was not significantly affected by unilateral lesions of the lateral PFC, although activations in the frontal cortex for these tasks were observed in healthy individuals. Similar discrepancies between the two methods have been observed in other studies (e.g., Volle et al., 2008) .
Task limitations: task selection & variability
Another limitation and the source of variability in observed activation patterns may be due to the employment of various WM tasks, such as N-back (Cohen et al., 1997) , variants of Sternberg's item recognition (Awh et al., 1996) , continuous performance (Carter et al., 1998) , and self-ordered selection tasks (Curtis et al., 2000) , most of which involve multiple executive processes. Wager and Smith (2003) , in one of the first reviews of neuroimaging studies of WM, provided evidence that various cognitive mechanisms, such as manipulation, order storage, updating and selective attention, implicated differentially in these different WM tasks recruit distinctive brain areas. However, many following meta-analyses either tended to generalize from a single type of WM task (Owen et al., 2005) or grouped all data coming from characteristically different WM tasks (Rottschy et al., 2012) , thus possibly confounding the neural underpinnings of the various executive processes involved.
Moreover, there is a striking discrepancy between WM tasks used in functional neuroimaging investigations, lesion studies and behavioral research. The most common verbal WM tasks used in functional neuroimaging research are item recognition tasks, particularly letter Nback tasks, due to their easy adaptability to the scanner testing environment (Chein et al., 2011; Owen, McMillan et al., 2005) . In N-back tasks, participants are required to recognize identical items in a continuous stream of items by indicating whether the current item matches the stimulus presented N items back. However, most of what we know today about the psychological structure of WM is based on studies using complex span tasks, the gold standard for assessing WM capacity in cognitive psychology, where participants are required to perform a processing task and simultaneously remember a set of items for later recall (Chein et al., 2011; Conway et al., 2005) . From a conceptual standpoint, these two tasks implicate different cognitive mechanisms: N-back tasks require updating and recognition of items in the focus of attention, while successful performance of the complex span task depends on efficient shifting between competing representations and recall (Chein et al., 2011; Miyake and Friedman, 2012) . Not surprisingly, behavioral studies of WM provide convincing evidence that the N-back task and the classical complex span task do not index the same underlying processes and performance on these tasks is at best weakly correlated ( Ivanova et al., 2017; Jaeggi et al., 2010; Kane et al., 2007; Redick and Lindsey, 2013) . The tasks used in the lesion literature remain even more discrepant, with most studies employing classical forward and backward word/digit span. The traditional complex listening/reading span task (Conway et al., 2005) , surprisingly, has never been used in lesion studies, possibly because of its difficulty for the patient population. Consequently, this leads to a dramatic gap between what we know about the psychological structure and functioning of WM and about its neural bases (Chein et al., 2011; Smith et al., 2001) .
A further concern is the overuse of the letter N-back task to investigate verbal WM in fMRI research. The existing evidence indicates that letter identification is supported by a specific perceptual processing system distinct from the language system and that the right hemisphere can at least partially support this letter identification process (up to access of the symbolic information) in healthy controls (Nestor et al., 2013; Simos et al., 2002) and in individuals with neurogenic language disorders (Cohen et al., 2003; McCloskey and Schubert, 2014) . Consequently, most neuroimaging studies of letter N-back report extensive right hemisphere activations and recruitment of visual areas (e.g., Awh et al., 1996; Cohen et al., 1997; Volle et al., 2008 ; for reviews see Owen et al., 2005 , Rottschy et al., 2012 Wager and Smith, 2003) . Therefore, it is somewhat inaccurate that letter N-back tasks have been classified as "verbal".
Out of a total of 213 studies using various types of N-back tasks included in recent meta-analyses of WM (Owen et al., 2005; Rottschy et al., 2012) , only two studies actually employed word N-back tasks. Reynolds et al. (2009) used a word N-back task and demonstrated that with increased maintenance load (3-back compared to 1-back), activation in the right dorsolateral PFC, bilateral parietal cortex, and the cerebellum was detected. Only in one study did word N-back elicit left-lateralized activation of the ventrolateral PFC, along with activation in more posterior regions (Braver et al., 2001) . In stark contrast to letter and word N-back tasks, those fMRI studies that used adaptations of verbal complex span tasks showed much more extensive activations in the left dominant hemisphere, including superior and middle temporal gyri, anterior temporal lobe, left middle and inferior PFC, and anterior cingulate cortex (Bunge et al., 2000; Chein et al., 2011; Just et al., 1996; Kondo et al., 2004; M. Osaka et al., 2003; . Thus, despite the abundance of functional neuroimaging literature on verbal WM, due to the variation in task demands these data yield very little regarding the neural correlates of typical complex span tasks and word N-back tasks used in cognitive psychology or neurolinguistics research.
Lesion studies of the neural basis of N-back tasks also provide inconsistent findings. Tsuchida and Fellows (2009) found the dorsolateral anterior cingulate cortex and adjacent dorsal fronto-medial cortex to be critical for letter 2-back performance, but not dorsolateral and ventrolateral PFC areas reported in fMRI studies. Volle and colleagues (2008) demonstrated that the posterior portion of the inferior frontal gyrus contributed to the deficits in performance on the letter 3-back task, but not on 1-back and 2-back tasks. Thus, the left PFC is recruited only when task demands increase and the specific role of the prefrontal lateral cortex in N-back tasks remains to be ascertained. The largest published lesion study of WM to date (n = 158) employing a letter Nback task revealed an almost exclusively right hemisphere network of cortical regions, including right ventrolateral PFC, right inferior parietal cortex, and right middle temporal gyrus (Barbey et al., 2014) . These findings again demonstrate that the letter N-back task can be successfully completed based on visual perceptual processes: matching of visual stimulus to previously presented one. Consequently, there is strong evidence coming from both activation and lesion studies that the letter N-back task has been previously erroneously classified as being a "verbal" WM task in neuroimaging research.
To conclude, despite active involvement in fMRI tasks, PFC does not seem to be required for WM tasks that involve simple and even delayed span memory. Instead, span seems to be more dependent on posterior cortical networks, particularly inferior parietal and superior-middle temporal areas for verbal stimuli. The PFC plays a more crucial role when the information being stored requires further manipulation to become useful for goal-directed behavior or when items have to be maintained in active memory in the face on-going interference. Thus, the question -which brain areas are necessary for accurate performance on particular verbal WM tasks or for proper functioning of verbal WM -remains unanswered. Exploration of the neural substrate of verbal WM remains limited due to the type of method and tasks used to investigate them. The lesion literature on verbal WM remains sparse. As we can see from the reviewed studies, the classical WM paradigm from cognitive psychology, the complex listening/reading span task, surprisingly has never been used in lesion studies. Additionally, small sample sizes are a perpetual challenge for lesion studies. Also, different etiologies, preselected lesion sites and different criteria used to define subgroups of patients make it difficult to synthesize findings across studies, with very few studies attempting to use VLSM to define neural correlates of WM. In sum, much remains to be ascertained about the brain substrate of verbal WM. Lesion evidence is necessary to complement, validate and refine findings from activation studies and there is a great need for a larger-scale lesion study of WM using contemporary methods of analysis, such as VLSM, and employing various WM tasks.
Aims of the current study
In the present study, we argue that the neural substrate of verbal WM might have been misrepresented due to over reliance on functional neuroimaging data and lack of consideration for the cognitive processes underlying different WM tasks. Given the existing literature and the lack of consensus on cortical areas essential for the verbal WM network, the aim of the current study was two-fold. First, we wanted to demonstrate the critical neural substrate of WM using a contemporary lesion method for establishing brain-behaviors relations: VLSM. Second, we sought to explore the impact of the type of task on critical areas and thus compare performance on two tasks commonly used to investigate WM in behavioral studies in psychology -complex span task, and in functional neuroimaging investigations of WM -N-back task. We anticipated, given the cognitive differences between these two types of tasks and previously reported discrepancies in performance on the two tasks, that they would rely on distinct neural circuitries.
Methods and Materials

Participants
Persons with left hemisphere stroke at least 3-months post onset were recruited from the Center for Speech Pathology and Neurorehabilitation in Moscow, Russia. Presence of stroke was verified based on medical history and radiological reports. If radiological report or inspection of scans by a certified radiologist (the fifth and sixth authors of the study) indicated significant cortical atrophy, lacunes in the right hemisphere or diffuse white matter damage, then those individuals were excluded from further participation. Additional exclusion criteria were: diagnose of neurodegenerative disorders, epilepsy, or history of alcohol or substance abuse. To be included, participants had to be right-handed, native speakers of Russian and pass vision and hearing screenings. All participants gave informed consent prior to testing. The study was approved by the Ethics Committee of the National Research University HSE, Moscow, Russia.
49 individuals with chronic stroke participated in the study (23 male, 26 female; M age = 51.98 years, SD = 9.85, age range: 33 − 74 years). Participants had education levels ranging from completing secondary school (10 years) to a university degree (15 years) (M years of education = 12.98 years, SD = 1.91). Thirty-three individuals had a clinical diagnosis of a single ischemic stroke in the middle cerebral artery distribution, one person (participant # 21) had a diagnosis of recurrent ischemic strokes in the left hemisphere occurring within 2 months, and 15 had a clinical diagnosis of a hemorrhagic stroke. Testing and MRI scanning took place at least 3-months post stroke (M post-onset = 25.51 months, SD = 30.03, post-onset range: 3 − 146 months).
Each participant was examined by a speech-language pathologist and a neuropsychologist of the Center. Based on language assessment and neuropsychological examination, forty-five individuals were diagnosed with aphasia following stroke and four individuals with dysarthria. Aphasia language deficits were classified according to Luria's system (Akhutina, 2015; Luria, 1980) . Consequently, 21 persons with aphasia were classified as having non-fluent aphasia (either motor aphasia or dynamic aphasia), and 17 as having fluent aphasia (either sensory or acoustic-mnestic aphasia), and seven individuals as having mixed types of aphasia. Also, all individuals with aphasia were assessed with the Assessment of Speech in Aphasia test (ASA; Tsvetkova et al., 1981) , a comprehensive quantitative standard aphasia battery in Russian that includes both comprehension and production subtests along with rating of conversational speech (for a more detailed description of this test see Ivanova et al., 2016) . Based on the overall performance on this test, aphasia severity ranged from severe to mild (M aphasia severity = 79.43%, SD = 13.88, severity range: 42.17 -99%). Individual participant data are presented in Appendix A.
Working memory assessment
Participants were assessed with two working memory tasks: an adapted version of a complex span task, the type of a task that has been used predominantly in behavioral studies, and an N-back task, analogous to tasks found in neuroimaging studies. Similar, though not identical verbal stimuli, were used in both tasks to maximize correspondence of processing requirements between tasks. Various measures of performance on these tasks were used as dependent variables in the VLSM analysis.
Complex span task
This was a simplified version of the traditional complex listening span task (Conway et al., 2005) adapted specifically for individuals with aphasia. In this modified listening span task, for the processing component, participants had to listen to spoken sentences and match them to the target image in an array of four images on the computer screen and simultaneously, for the storage component, remember a word presented aurally for subsequent recognition. The theoretical and methodological rationale for this task and its features are described in more detail in the publication on the original English version of this task (see Ivanova and Hallowell, 2014) . The adapted Russian version of the task (described in detail in Ivanova et al., 2017) included only the condition with short and simple syntactically-reversible sentences (e.g., "the girl is pushing the boy") and high frequency concrete disyllabic words as to-be-remembered items.
For the processing component of the task, visual displays that accompanied sentences included the target picture (i.e., 'the girl is pushing the boy'), a syntactic distractor (where the agent and patient roles were reversed -'the boy is pushing the girl'), a lexical distractor (where the target agent and patient were performing a different action -'the girl is drawing the boy') and a reversed semantic distractor (where the agent and patient roles were reversed while performing a different action -'the boy is drawing the girl'). This choice of distractors precluded participants from using any strategies for selection of the matching picture, thus requiring participants to fully attend to the presented sentences. Sentences with corresponding visual arrays were presented interchangeably with words to-be-recalled (storage component). That is, participants had to alternate between two parallel tasks: comprehension of sentences and remembering a set of distinct items. All the verbal stimuli (sentence and words to-be-remembered) were previously recorded and, along with the visual stimuli (picture arrays for sentences and recall arrays), presented on the computer. The processing component, visual array with four images, was presented to the participants until they provided a response. The interval between these visual arrays was two seconds and, during that time, the word to-beremembered was aurally presented. At the end of each set, participants had to recall the to-be-remembered words by pointing to the target pictures amongst distractors in a visual array. The number of distractors was always equal to the number of target pictures. This format of nonverbal registration of responses to the processing and recall components minimized the influence of expressive speech and language deficits on performance. See Fig. 1 for an example of a set from the complex span task. Set sizes ranged from two to six items per set and were presented to participants in ascending order; three sets at each set size were presented. The examiner recorded each participant's response on a score sheet. Prior to testing, four training sets were provided. Performance on the task was scored based on the maximum set size correctly recalled. Also, the proportion of correctly processed sentences (when the aurally presented sentence was correctly matched to the presented picture) was recorded.
Verbal 2-back task
This was a typical 2-back word task with auditory verbal stimuli. Participants were aurally presented with a continuous string of words and were instructed to judge whether a word matched the one they had heard 2 items before. The 2-back task contained 20 different stimuli consisting of high-frequency disyllabic concrete words similar but not identical to the words used for to-be-remembered items in the complex span task. The auditory presentation of stimuli and the use of words with comparable psycholinguistic characteristics allowed us to make the perceptual processing requirements between the two WM tasks maximally similar. Altogether, 150 items containing 36 targets (24%) were presented. Items were presented in 3 blocks of 50 items each with an inter-stimulus interval of two seconds. Participants were allowed to take a break between blocks. The participants responded with their non-dominant left hand by pressing the spacebar on a keyboard to indicate that the current probe was the same as the one presented two probes before. The percentage of targets and the length of the task was selected to be similar to existing tasks in the literature (Christensen and Wright, 2010; Mayer and Murray, 2012; Wright et al., 2007) . As with the complex span task, all the auditory stimuli were previously recorded; the task was presented on a computer using E-Prime 2.0 software. Performance on the task was indexed via an accuracy measure that was computed by subtracting the false positive rate from the hit rate.
Participants were also presented with 0-back word task as a control condition. The task was analogous to the 2-back task in terms of stimuli and format of presentation, but participants simply had to monitor for presentation of a single target word and press the space bar with their non-dominant left hand whenever they heard it. Altogether, 100 items containing 24 targets (24%) were presented with an inter-stimulus interval of two seconds. Performance on the task was again indexed via an accuracy measure computed by subtracting the false positive rate from the hit rate. Due to a technical error, data for participant # 26 was not available for this task. The order of 0-back and 2-back tasks was counterbalanced across participants.
MRI data acquisition, preprocessing and lesion reconstruction
MRI data were acquired using a 1.5 T Siemens Magnetom Avanto scanner. For each participant we acquired a high-resolution structural T1-weighted volume of the whole brain ( Structural MRI data was preprocessed using SPM8 software (http:// www.fil.ion.ucl.ac.uk/spm). Prior to lesion reconstruction the three images (T1, T2 and FLAIR) for each participant were first manually reoriented along the AC-PC plane. Then the T1 was co-registered and resliced to MNI152 (Montreal Neurological Institute) template with 1 mm 3 resolution using 4th degree B-spline transformation, and T2 and Fig. 1 . Example of a set from the complex span task (set size three). All words for recognition are disyllabic in Russian.
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Lesions were then traced manually in native space based on T1 images in MRIcron (Rorden and Brett, 2000 ; MRIcron, http://people. cas.sc.edu/rorden/mricron/index.html) and ITK-SNAP (Yushkevich et al., 2006 ; ITK-SNAP, www.itksnap.org). T2 and FLAIR images were then additionally examined to confirm extent of lesion and to identify regions of hyper-and hypo-intensities surrounding the lesion that would suggest additional white matter degeneration, gliosis and hemosiderin deposition. These regions were also included as a part the lesion. Prior to further processing lesion segmentation was verified by at least three experts in the field.
Finally, the T1 image and subsequently the binary lesion mask were normalized to an MNI template using a modified version of the unified segmentation/normalization algorithm implemented in SPM8 ("Seg" toolbox in the SPM8 distribution; Crinion et al., 2007) . This algorithm was customized to optimize normalization of deep white matter and ventricles by using an age relevant template and by additionally incorporating a head model (Turken et al., 2010) . Further, a two-step normalization procedure was implemented: in the first step, the major anatomical landmarks were aligned while cost function masking the lesion, in the second step, detailed anatomy was further fine-tuned. The transformations from the two passes were then combined to produce a single deformation field for normalization of the T1 and the binary lesion mask. This approach allows for a tighter fit to the reference space without distorting overall anatomy (Crinion et al., 2007) .
At least two experts in the field then inspected reliability of normalization individually for each participant. This was done by yoking the T1-weighted images in native and standard space, overlaying on them the native and normalized lesions respectively, and visually comparting the lesion's extent in standard space to the original reconstruction in native space. Cases of misalignment, such as lesion masks inside the ventricles or outside the meninges, as well as inconsistent extension to the cortical rim or the side of the ventricles, were manually corrected using segmentation tools in ITK-SNAP software. We corrected the lesion masks in template space for 39 participants in our cohort. For the majority of participants alterations in template space were limited to elimination of the lesion mask outside of the brain and its correction around the ventricles. Anatomical corrections were only required in a couple of cases with large lesions that distorted the brain anatomy and thus lead to minor misalignment during the normalization. This thorough procedure of lesion segmentation allowed for maximizing the accuracy of the initial segmentation and subsequent normalization.
VLSM analysis
To determine the anatomical correlates of WM, a series of VLSM analyses (Bates et al., 2003) were performed using custom VLSM software (VLSM 2.55; freely available at https://langneurosci.mc. vanderbilt.edu/resources.html). In the VLSM analysis for each voxel linear regression functions are estimated, comparing behavioral performance (scores on the WM tasks: maximum set size correctly recalled for the complex span task and accuracy measure for the 2-back task) in participants with and without a lesion in that voxel. We applied 4mm FWHM Gaussian smoothing to the lesion mask images in order to account for residual anatomical variability post-normalization (as is done in fMRI). Our regression equations computed at each voxel can automatically handle the resulting values between 0 and 1 generated by such smoothing at lesion edges and should result in reducing isolated tvalue peaks that are generally considered unimportant while improving our ability to detect true behavior-to-brain correlations via permutation testing. Analyses were confined to those voxels in which at least 10% (n = 4) of participants had lesions. This was done in order to minimize potentially spurious results by comparing unbalanced groups. Additionally, participants' age, months post-onset and lesion size were used as covariates in all the VLSM analyses in order to account for possible influence of those variables.
To demonstrate robustness of primary findings VLSM analyses were rerun with additional behavioral covariates in order to take into account varying processing demands of the two tasks. For the complex span task, we used the proportion of correctly-processed sentences as an additional covariate, to account for the possible influence of general language comprehension processing abilities on performance. For the 2-back task, we used accuracy on the 0-back task to account for possible difficulties with single-word auditory comprehension. To further explore the relative importance of different brain regions for the two WM tasks we conducted two supplementary analyses. First, we performed a VLSM analyses of each WM score while using the score from the other WM task as an additional covariate. Second, we used lesion load (i.e., percent damaged) to brain areas associated with impaired performance on the other WM task (as identified in the primary VLSM analyses) as a covariate in the analyses of the two WM tasks. These tests would indicate whether the two WM tasks are supported by distinct brain regions even when common behavioral mechanisms are accounted for (first analysis) and when brain areas relevant for the other task are partialed out (second analysis).
For all of the VLSM analyses outlined above voxel-wise significance thresholding was set at p < 0.001, significant clusters were determined by permutation testing (1000 iterations), a conservative correction method for multiple comparisons (Kimberg, Coslett, and Schwartz, 2007) , with cluster threshold set to p < 0.05. Permutation-based thresholding is a non-parametric approach to FWER correction and is based on iterative permutations of the actual data -a method adapted from functional neuroimaging (Nichols and Holmes, 2001 ) and previously shown to provide conservative and reliable correction for multiple-comparisons in mass-univariate lesion mapping approaches (Kimberg et al., 2007; Mirman et al., 2017) . While voxel-wise permutation thresholding controls familywise error rate robustly, it has been shown to be overly conservative with small to medium sample sizes. Additional limitation of this approach is that it is centered on only a single attribute of the obtained results -extreme statistical scores. However, our results should differ from random noise not only based on statistical scores, but also on spatial coverage, that is, we expect that a cluster of voxels and not a single sparse voxel supports the psychological function under investigation. Since no real conclusion can be made based on a discrete voxel, then, in turn, a single false positive voxel cannot undermine an inference about brain-behavior relations. The cluster-based permutation method takes this into account by controlling for the rate of false positive voxel clusters instead of individual voxels (see Karnath et al., 2018; Mirman et al., 2017 , for more on this). Permutations (in our case, n = 1000) were performed to determine the null distribution of cluster sizes that pass the voxel-wise cluster-forming threshold (p < 0.001) and use that distribution to set a minimum cluster size threshold that would occur by chance (i.e., if there was no relationship between behavioral scores and lesion patterns) in less than 5% of cases (p < 0.05). In other words, this FWER approach controls the rate of a single false positive cluster of voxels. Voxel-wise clusterforming thresholds in VLSM studies using permutation-based clustersize thresholding typically range from 0.05 to 0.001 (e.g., Banerjee et al., 2015; Binder et al., 2016; Mirman et al., 2015; Pillay et al., 2014) ; as stated above we have opted to use the more conservative thresholding level (p < 0.001). Figs. 3 and 4 shown below in the Results section include only significant voxels surpassing this permutationbased threshold. Identification of the brain regions associated with the significant voxels was made using the Automated Anatomical Labeling (AAL) atlas and Natbrainlab atlas of white matter pathways (Thiebaut de Schotten et al., 2011) in MRIcron.
Also, we conducted preliminary analysis of white matter disconnections contributing to observed WM deficits via track-wise lesiondeficit analysis. This was done by mapping the normalized lesion mask from each patient onto tractography reconstructions of white matter pathways obtained from a group of healthy controls (Rojkova et al., 2016) and quantifying the severity of the disconnection by measuring the probability of the tract to be disconnected (Thiebaut de Schotten et al., 2014) using Tractotron software as part of the BCBtoolkit (Foulon et al., 2018 ; http://www.toolkit.bcblab.com). Following standard recommendations, we considered a given white matter tract to be disconnected (binary measure) if the individual patient lesion overlapped on a voxel within the white matter pathway map with probability of at least 50% (above the chance level). We also measured proportion of tract damaged (i.e., lesion load) by calculating the number of lesioned voxels in the tract divided by the total volume of the tract (thresholded at 50%). We used both the binary measure of disconnection and the continuous measure of proportion of tract damaged in the statistical track-wise lesion-deficit analyses based on linear regression (Chechlacz et al., 2014) . In the linear regression we entered lesion volume, age, months post-onset as covariates (similar to the VLSM analyses above) and each individual pathway disconnection measure/proportion damaged as independent variables to test whether the disconnection/damage within specific pathways (controlling for lesion volume, age, months post-onset) predicted performance on the two WM tasks. We analyzed association (3 segments of the arcuate, cingulum, frontal aslant, frontal inferior longitudinal, frontal orbito-polar, frontal superior longitudinal, inferior frontal occipital, inferior longitudinal, superior longitudinal I, II, III, uncinate), commissural (corpus callosum, anterior commissure) and projection (anterior thalamic, cortico-spinal, fornix, fronto-striatal) tracts in the left hemisphere -a total of 20 tracts. Binary disconnection measure and continuous measure of tract damaged were included in separate regression models for each of the tracts. Each tract-wise lesion deficits analysis was subjected to Bonferroni correction for multiple comparisons (α level; p = 0.0025 based on 20 tracts analyzed).
Results
Behavioral findings
Mean maximum set size recalled for the complex span task was 4 (SD= 1.15, range: 2-6), indicating a range of performance. Participants generally performed well on the processing component of the task, demonstrating that they were paying sufficient attention to this component of the task (M = 90.64 ± 10.69%, range: 55-100%). Performance on the 2-back task demonstrated similar variability. Mean accuracy of performance (proportion of correct hits minus proportion of false alarms) was 85.65% (SD = 14.31%, range: 36.11-100%). Mean accuracy of performance on 0-back task was 99.35% (SD = 1.39, range: 95.83-100%). Pearson correlation between performance on the complex span and 2-back tasks was r = 0.366, p = 0.01. Individual participant scores for all WM tasks are included in Appendix A. Histograms of scores on both WM tasks along with the scatterplot of the correlation between the two WM scores are presented in Appendix B. M.V. Ivanova et al. Neuropsychologia 115 (2018) 25-41 
VLSM findings
The distribution of lesion locations for all 49 individuals is presented in Fig. 2 . It should be noted that the lesion overlay map only shows those brain regions affected in a minimum of four participants in each voxel consistent with the constraints of the VLSM (described above), where analyses were confined to those voxels in which at least 10% (4 individuals) have a lesion. Thus, the lesion overlay clearly outlines those brain regions about which specific conclusions may be drawn based on the analyses performed below. Here the greatest degree of overlap is seen in the periventricular white matter underlying the frontal, temporal, and parietal lobes in the left hemisphere. In the cortex, the lesion overlap was greatest in the left perisylvian cortex and insula.
First, to identify brain regions required for performance on the WM tasks, we ran two separate VLSM analyses using the maximum set size from the complex span task and accuracy measure from the 2-back task as dependent variables. In both analyses, the standard set of covariates -lesion size, age and time post-onset -was used. The VLSM analysis of performance on the complex span task revealed one significant cluster (volume = 6457 voxels, p = 0.011) with t-values ranging from 3.29 to 4.12, located predominantly in the left inferior frontal area. The peak MNI coordinates were (− 28 35 2), and the center coordinates were (− 34 27 − 5). The VLSM analysis of performance on the 2-back task exposed one significant cluster (volume = 4359 voxels, p = 0.035) with t-values ranging from 3.29 to 4.56, located primarily in the left superior and middle temporal gyri. The peak MNI coordinates were (− 58 − 47 − 6), and the center coordinates were (− 62 − 20 0). Results of these analyses are overlaid on an MNI template in Fig. 3 . As can be clearly seen in Fig. 3 , complex span and 2-back maps (shown in orange and blue, respectively) are completely distinct, with no overlap between the two maps. Then using AAL and Natbrainlab atlases we determined which specific anatomical areas were covered by the two VLSM maps. These regions are presented in Table 1 . Only areas that were at least 3% covered by the VLSM map for either task are listed.
Note that the VLSM map for the 2-back task did not contain any white matter pathways as identified by the standardized atlas.
Second, to further isolate regions specifically involved in WM processes, we ran another set of VLSM analyses with extra behavioral covariates (in addition to the standard set) in order to take into account language processing requirements of the two tasks. For the complex span task, we used the proportion of correctly-processed sentences as an additional covariate, for the 2-back task -accuracy on the 0-back task. The VLSM analysis of performance on the complex span task showed one significant cluster (volume = 12522 voxels, p = 0.001) with t-values ranging from 3.29 to 4.83, predominantly covering the left inferior frontal gyrus. The peak MNI coordinates were (− 41 31 − 4), and the center coordinates were (− 36 26 − 5). The VLSM analysis of performance on the 2-back task revealed one significant cluster (volume = 3723 voxels, p = 0.036) with t-values ranging from 3.30 to 5.04, Fig. 4 . VLSM map of performance on the complex span task (orange) and on the 2-back task (blue) while taking language processing requirements of the two tasks into account. Brighter colors indicate increasing t-values. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) M.V. Ivanova et al. Neuropsychologia 115 (2018) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] primarily encompassing the left superior temporal gyrus. The peak MNI coordinates were (− 58 − 47 − 6), and the center coordinates were (− 62 − 19 − 3). Obtained VLSM maps were largely identical to the areas identified in the primary analyses and are shown in Fig. 4 (again orange for the complex span task and blue for the 2-back task). Once more, the complex span and 2-back maps remain distinct with no common anatomical areas or voxels. Anatomical regions according to AAL and Natbrainlab atlases covered by the VLSM maps (at least 3%) are presented in Table 2 . Finally, we run a set of supplementary analyses to further corroborate our main findings and highlight the relative importance of the identified regions. VLSM analyses of each WM score while using the score from the other WM task as a covariate again revealed distinct cortical regions, generally similar to areas identified in the primary analyses. When for the complex span task analysis accuracy measure from the 2-back task was used as a behavioral covariate, one significant cluster was identified (volume = 10,053 voxels, p = 0.004), predominantly covering the left inferior frontal area and basal ganglia structures (inferior frontal triangular, inferior frontal orbital, insula, caudate, putamen, pallidum). When similar analysis was done for the 2-back task with maximum set size recalled from the complex span task as a covariate, no significant clusters were identified at the initial threshold level (volume = 1427, p = 0.109). When we rerun the same analysis with a more lenient voxel-wise threshold of p < 0.005, then a significant cluster was identified (volume = 9847, corrected p = 0.044), encompassing again superior and middle temporal gyri. Next to evaluate the relative contribution of the identified brain areas to the two tasks we calculated lesion load (i.e., percent of area damaged) for each participant for each significant cluster identified in the primary analyses (maps presented in Fig. 2 , VLSM analyses of the two main variables with the standard set of covariates). We then used this lesion load as an additional covariate in our VLSM analyses. When the lesion load for the 2-back VLSM map was used as a covariate in the analysis of the complex span task, one significant cluster was identified (volume = 15,234 voxels, p = 0.001), predominantly covering the left inferior frontal area and basal ganglia structures (inferior frontal triangular, inferior frontal orbital, insula, caudate, putamen). Similarly, when the lesion load for the complex span VLSM map was used as a covariate in the analysis of the 2-back task, one significant cluster was identified (volume = 6909, p = 0.018), encompassing once again superior and middle temporal gyri. As expected, when lesion load for the same region was used as a covariate for the analysis (i.e., lesion load to the region critical for the complex span task was used as a covariate for that particular task) no significant clusters were identified for either of the WM tasks. Detailed results and anatomical regions according to AAL and Natbrainlab atlases covered by the VLSM maps from these supplementary analyses are provided in Appendix B.
We also conducted an exploratory analysis to investigate the role of white matter pathways supporting performance on our two WM tasks. Linear regression analyses (controlling for lesion volume, age, months post-onset) with disconnection or proportion damaged measure for each individual tract were conducted separately for each WM task. We only report negative standardized beta coefficients here, as those imply that damage to a tract (greater probability of disconnection or greater proportion damaged) leads to compromised WM performance, thus reflecting possible underlying neural mechanism of impairment. Positive beta coefficients in turn imply the opposite (greater damage leads to better performance) and simply reflect the fact that lesion elsewhere in the brain has a positive effect on the process of interest. For instance, higher probability of disconnection of the anterior thalamic projection led to better performance on the 2-back task (β = 0.515, p = 0.001). This finding implies that individuals with frontal lesions were more likely to be unimpaired on the 2-back task. This is logical given that typically frontal lesions do not extend into the temporal lobe -areas found to be critical for performance on the 2-back task. Only proportion damaged of the inferior frontal occipital fasciculus (IFOF; β = −0.717, p < 0.001) and uncinate fasciculus (UF; β = −0.555, p = 0.001) significantly contributed to impaired performance on the complex span task. When we further added lesion load of the VLSM map identified in our primary analysis to the model to see whether damage to these tracts predicted WM impairment beyond the contribution of the regions identified in the VLSM analysis, both tracts became non-significant. We failed to identify any tracts within the left hemisphere as being crucial for performance on the 2-back task.
Discussion
The goal of the present study was two-fold. First, we wanted to demonstrate the critical neural substrate of verbal WM using VLSM in a large group of 49 individuals with left hemisphere stroke. In the era of functional neuroimaging, it is also important to provide complementary findings using contemporary lesion methods to delineate brain regions that are critical for different psychological functions. The second aim was to discern whether different brain regions are involved in different WM tasks, namely the complex span and word N-back. Although these two tasks have been used interchangeably in neuroimaging research, behavioral studies suggest that they actually share little in common (Ivanova et al., 2017; Jaeggi et al., 2010; Kane et al., 2007; Redick and Lindsey, 2013) .
Foremost, we discovered differentiated brain regions critical for successful performance on the complex span and word N-back tasks in the frontal and temporal lobes, respectively. Compared to previous functional neuroimaging studies, a more refined neural substrate was revealed in the current study. Specifically, results of the VLSM analysis demonstrated that critical regions for successful performance on the complex span task were in the inferior frontal gyrus (particularly in the triangular and orbital regions), insula and subcortical white matter (particularly the IFOF and UF). For the 2-back task, critical areas were found in the superior and middle temporal gyri. As predicted, the regions necessary for performance on each WM task were non-intersecting (see Fig. 3 ). Also, when further VLSM analyses were conducted with supplementary behavioral covariates to account for the different language processing requirements of the two tasks, the critical regions associated with each task remained largely unchanged and non-overlapping (see Fig. 4 ). The identified areas remained significant when the score of the other WM task was used as a covariate. Further, when the area critical for the other WM task was taken into account the spatial distribution of the results largely remained unchanged. This showed that the two WM tasks were supported by distinct brain regions even when common behavioral mechanisms and brain areas relevant for the M.V. Ivanova et al. Neuropsychologia 115 (2018) 25-41 other task were accounted for. In sum, these additional analyses demonstrate the robustness of the primary findings and clearly imply that the identified neural substrates are critical for core cognitive processes involved in the execution of each of these tasks. The difference between the two tasks was also evident in the behavioral data, as the low correlation between the two tasks accounted for only 13% of the variance. Taken together, this supports the initial hypothesis that these two tasks involve distinct cognitive mechanisms -rehearsal and cue-dependent selection in the complex span task, versus updating/auditory recognition in the 2-back task (Ivanova et al., 2017; Redick and Lindsey, 2013) -and are supported by separate neural substrates.
As postulated in previous research on WM, lateral frontal areas become involved when active manipulation or rehearsal of information held in WM (Baldo and Dronkers, 2006; Müller et al., 2002) , or, in other words, strategic control of WM contents is required (D'Esposito et al., 2006; Müller and Knight, 2006) . Our results demonstrated that regions previously reported to be involved in these exact processes, the inferior frontal gyrus and insula, in both functional neuroimaging (Chein et al., 2011; Osaka et al., 2003; Osaka et al., 2004) and lesion studies (Baldo and Dronkers, 2006; Szczepanski and Knight, 2014) were essential for successful performance on the complex span task. In this task, participants are required to shift swiftly between several concurrent tasks: processing of sentences and encoding a separate set of words for later recall into short-term memory while constantly rehearsing previouslypresented items (Conway et al., 2005) . These processing requirements clearly explain the role that the inferior frontal gyrus plays in performance on that task, as that region has been known to be important for sub-vocal rehearsal and coordinating multiple representations in WM (Flinker et al., 2015; Novick et al., 2005; Rogalsky and Hickok, 2011) . Not surprisingly, the vital role of the inferior frontal gyrus only increased once performance on the purely language component of the task was taken into account (see Table 2 ). Contribution of the IFOF and UF to WM has been reported previously (Charlton et al., 2010; Golestani et al., 2014) . Possibly white matter integrity along these pathways reflects information processing capacity. Demonstrated involvement of these association fibers offers preliminary evidence that a larger network requiring coordination between multiple brain regions is needed for successful performance on the complex span task.
Implicated in performance on the complex span task subcortical structures, the caudate nucleus, putamen and globus pallidus, also play an important role in cognitive processes related to WM. The caudate nucleus, that has been shown to have a strong functional relationship with executive frontal areas (Grahn et al., 2009) , might contribute to performance by selection of appropriate sub-goals based on an evaluation of action outcomes (Grahn et al., 2008) . Activation foci in the caudate have been noted in functional neuroimaging studies of WM (Levitt et al., 2002) . The putamen, previously only considered important for motor functioning, is now also being related to learning and higher cognitive abilities (Ell et al., 2012) , with circumscribed damage to the left putamen also leading to WM impairments (Sefcsik et al., 2009 ). The globus pallidus has been proposed as the gate-keeper for representations to enter WM (McNab and Klingberg, 2008) . While determination of the specific and differential role of these subcortical structures in WM is beyond the scope of the current study, it is clear that the dorsal-prefrontal subcortical loop involving the striatum is important for performance on WM tasks requiring shifting between competing processes and inhibition of irrelevant stimuli (O'Reilly and Frank, 2006; Voytek and Knight, 2010) . Clearly, these basal ganglia structures contribute to some core domain-general WM processes, as their involvement in execution of the complex span task becomes pronounced once processing properties of the 2-back task and damage to cortical areas associated with it are partialled out (see Tables 1 and 2 in Appendix B).
In contrast to the complex span task, processing requirements of the N-back task are drastically different, as it simply requires updating the contents of WM. Correspondingly, successful performance on this task only needs preserved temporal regions, specifically superior and middle temporal gyri. It has recently been postulated that WM tasks involve primary and secondary perceptual areas of the stimulus modality implicated (Chein et al., 2011; D'Esposito and Postle, 2015) . In other words, these domain-specific areas seem to have a dual function: precise sensory encoding, and short-term storage of the incoming information. Involvement of such areas in the temporal lobes seems to be sufficient for the word 2-back task, as no rehearsal is required to hold just 3 items in the focus of attention and, consequently, no cue-dependent recall mechanism is implicated either. Performance on the Nback task did not require any basal ganglia structures that form the dorsal-prefrontal subcortical loops (again in stark contrast to the complex span task). Also, no contribution of white matter pathways to task performance was detected in our preliminary track-wise lesion-deficit analysis. Together these findings further reinforce our claim that the neural network supporting performance on the 2-back task is largely circumscribed to the temporal lobe.
It should be noted that the version of the N-back task used in the current study did not include any lures, that is items matching the target in n − 1 or n + 1 positions. Here we tried to use a version of the N-back task that was comparable to previous investigations using Nback tasks in studies with patients with brain injury and at the same time similar in design to most N-back tasks used in functional neuroimaging studies, that typically do not include lures. It is well known that lack of lures greatly simplifies the task, as the task can be successfully performed based on familiarity alone as the basis for a correct response (Kane et al., 2007) . Conversely, when lures are included it becomes necessary to remember the order of items alongside their content and be able to unambiguously recollect what item appeared n-items back (Harbison et al., 2011) . Possibly, if lures were included, then more frontal areas would have been involved in performance; though, this might have made the task too difficult for patients with brain injury. Also, previous lesion studies show that prefrontal areas become involved in the N-back task only when complexity of the task is elevated to the level of 3-back, possibly necessitating recruitment of control and rehearsal mechanisms (Volle et al., 2008) . In contrast, the current 2-back version of the task could be completed via simple updating and matching of items in the focus of attention, leading to exclusive involvement of temporal regions.
While the critical contribution of temporal regions to performance on the N-back task is expected, one might wonder why in the current study there was greater contribution of anterior versus posterior temporal regions. Anterior temporal regions have not been typically implicated in WM tasks in either the fMRI or lesion literature. It is possible that activation is not typically seen in the anterior temporal lobes in functional neuroimaging investigations because these areas are particularly vulnerable to field inhomogeneities and magnetic susceptibility artefacts (Devlin et al., 2000) . While the anterior temporal lobes were not considered classical language areas, an accumulation of recent evidence coming from studies with various clinical populations repeatedly point to their role in lexical-semantic and syntactic processing (Gorno-Tempini et al., 2004; Mesulam et al., 2013; Tsapkini et al., 2011; Wilson et al., 2014) , necessitating their inclusion in future models of language processing (Friederici and Singer, 2015) . Thus, if one considers anterior temporal regions as language areas, it is not surprising to see their involvement alongside more typical areas for primary phonological and lexical language processing, such as middle and posterior portions of the superior and middle temporal gyri. Also, evidence from studies of anterior temporal lobe resection in epilepsy patients highlights the potential role of this region in processes somewhat related to WM (Stretton et al., 2014) . Another explanation for more anterior versus posterior involvement might be due to a limitation of the current study, as better coverage of the anterior compared to posterior temporal regions was present in our cohort. Larger scale lesion studies with more expansive and uniform coverage of the left hemisphere are needed to clarify this and to discern the specific role of the anterior temporal regions in language processing, in general, and verbal WM, in particular.
As has been stated above, complex span tasks involve rehearsal, shifting flexibly between tasks or mental sets, while N-back tasks primarily rely on updating, that is rapid addition/deletion of WM contents (Conway et al., 2005; Miyake and Friedman, 2012) . Previous research investigating these aspects of executive functions indicates that the processes of shifting and updating, while moderately related, are clearly separable (Miyake et al., 2000) . Another perspective on the distinction in neural substrates required for performance on the two tasks might be that prefrontal cortex becomes involved only when active maintenance and controlled cue-dependent search of memory is required (Unsworth and Engle, 2007) , while simple recognition mechanisms can be accommodated by modality specific perceptual processing areas. In addition, the two tasks target distinctive cognitive processes according to Cowan's embedded processes WM model (Cowan, 1999) , with N-back involving only retrieval from the central focus of attention and complex span depending on processing and retrieval of items in both the focus of attention and activated long-term memory. The findings of the current study lend support to the theoretical claims made within these approaches to WM.
One surprising finding from the current study is the lack of necessity of parietal areas for either of our two WM tasks, while according to neural models of WM it is the inferior parietal areas that provide the substrate for the focus of attention/temporary storage within WM (Chein et al., 2003) . Potentially, temporal regions act as alternative short-term storage buffers for verbal WM. This might be in line with the functional neuroimaging literature, where typically activation foci for word recall tasks do not encompass the parietal areas (Chein et al., 2011) . While the inferior parietal cortex has been previously implicated in span tasks in lesion studies (Baldo and Dronkers, 2006) , they have generally also included the posterior temporal cortex (Baldo et al., 2012) , which we believe is actually more critical for temporary storage of verbal stimuli in simple recall tasks according to contemporary views of WM as encompassing related domain-specific areas (D'Esposito and Postle, 2015) . Also, it is possible that we did not find significant contribution of the inferior parietal cortex to WM tasks, as only a limited number of patients had lesions in those regions.
Limitations of the current study
As with all VLSM studies, the conclusions that can be drawn from the current findings are limited by the lesion coverage of the patient sample (see Fig. 2 ). Consequently, no inferences can be made regarding the role of the right hemisphere or any other area that has not sustained damage in sufficient numbers of patients. For example, it would be incorrect to conclude that inferior parietal cortex is not important for WM performance, as there simply were not enough patients to detect its role. Thus, it remains to be determined what role regions outside of our coverage area might play in sustaining verbal WM.
Also, inferences about the role of specific white matter pathways in verbal WM remain limited. Analyses using Tractotron provides some insight into what tracts might be implicated in performance on each WM task, however, they should be regarded with caution and only suggestive of possible contribution or lack thereof for a particular tract. Moreover, in the current analysis we could not detect specific contributions of tracts beyond regions identified in the primary VLSM analyses. Future studies using advanced diffusion-weighted sequences and tractography techniques will help to determine the specific role of various white matter bundles in sustaining WM.
Conclusions
It should be made clear that the findings of the current study do not imply that we have established all the necessary and sufficient areas for verbal WM, or that word N-back tasks in general do not index verbal WM memory, or that all versions of the N-back task (such as 3-or 4-back versions, or variations with lures) will not require the frontal areas for successful execution. Rather, the behavioral and neural results clearly suggest that the two tasks in their current form involve separable cognitive mechanisms and underlying brain substrate. Therefore, they should not be used interchangeably to investigate verbal WM memory, as has often been the case previously. Instead, future research in this area should attempt to map onto the brain different cognitive mechanisms contributing to efficient WM performance. Second, the study clearly highlights that the lesion method -even in the era of functional neuroimaging -continues to make important contributions to delineating the neural substrate underlying psychological functions, allowing researchers to pinpoint areas critical for the process under investigation. Future VLSM studies supplemented by specialized imaging modalities, more advanced multivariate approaches and connectome-based analyses (Karnath et al., 2018) recruiting larger and more varied patient groups will enable researchers to further discern the specific neural substrate of WM.
Overall, the present study demonstrates that the neural substrates of verbal WM can best be revealed by taking into account the cognitive components that comprise each task and avoiding the assumption that the two tasks can be used interchangeably. Our results highlight the multi-dimensional nature of WM and the role of executive functioning mechanisms in supporting WM performance. Both functional neuroimaging studies and those using advanced lesion methods will surely benefit by probing the sub-mechanisms of verbal WM to refine existing neural models of WM and establish the indispensable regions for WM processing.
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Supplementary analyses
When for the complex span task analysis accuracy measure from the 2-back task was used as a behavioral covariate, one significant cluster was identified (volume = 10053 voxels, p = 0.004) with t-values ranging from 3.29 to 4.29, predominantly covering the left inferior frontal area and basal ganglia structures. The peak MNI coordinates were (− 23 13 − 9), and the center coordinates were (− 29 22 − 2). When similar analysis was done for the 2-back task with maximum set size recalled from the complex span task as a covariate with a voxel-wise threshold of p < 0.005, then a significant cluster was identified (volume = 9847, p = 0.044) with t-values ranging from 2.7 to 4.17, encompassing again superior and middle temporal gyri. The peak MNI coordinates were (− 65 − 5 − 1), and the center coordinates were (− 62 − 25 5). See Table B .1 for a list of anatomical regions covered by these VLSM maps.
When the lesion load for the 2-back task VLSM map was used as a covariate in the analysis of the complex span task, one significant cluster was identified (volume = 15234 voxels, p = 0.001) with t-values ranging from 3.29 to 4.83, predominantly covering the left inferior frontal area and basal ganglia structures. The peak MNI coordinates were (− 33 12 − 12), and the center coordinates were (− 31 22 − 3). Similarly, when the lesion load for the complex span task VLSM map was used as a covariate in the analysis of the 2-back task, one significant cluster was identified (volume = 6909, p = 0.018) with t-values ranging from 3.29 to 4.84, encompassing once again superior and middle temporal gyri. The peak MNI coordinates were (− 58 − 47 − 6), and the center coordinates were (− 62 − 24 2). See Table B .2 for a list of anatomical regions covered by these VLSM maps. Note. Results for the 2-back task are presented with a voxel-wise threshold of p < 0.005.
